Background: Acid-sensing ion channels (ASICs) are activated by extracellular protons and are inhibited by amiloride. Results: Amiloride activates and sensitizes ASIC3 channels depending on the nonproton ligand sensing domain. Conclusion: ASICs can sense nonproton ligands in addition to protons. Significance: The results indicate caution in the use of amiloride for studying ASIC physiology and in the development of amiloride-derived ASIC inhibitors for treating pain syndromes.
Acid-sensing ion channels (ASICs) 3 are members of the sodium-selective cation channels belonging to the epithelial sodium channel/degenerin family. They act as receptors for extracellular protons (1) (2) (3) . Accumulating evidence implicates ASICs in ischemia (4 -7), neurotransmission (8) , epilepsy (9) , mechanosensation (10 -13), chemosensation (14) , and pain perception (15) (16) (17) (18) (19) (20) (21) . The physiological roles of ASICs are studied using both genetically manipulated mice and pharmacological tools such as amiloride (AMI) (1, 3, 22) . AMI is a common blocker for all members of the epithelial sodium channel/degenerin family (23) . It inhibits acid-induced currents from most known ASIC channels (1) (2) (3) , and the AMI blockade is often used to demonstrate the physiological function of ASICs. A premise for its use in the study of ASIC physiology is that AMI does not directly or indirectly affect ASIC functions other than inhibiting channel activity; however, some studies have suggested that AMI may paradoxically stimulate ASICs. In addition to its blocking activity, AMI was found to stimulate the "Deg" mutation (at Gly-430) but not the wild-type (WT) ASIC2a channel (24) through exposing extracellular membrane-proximal residues in a similar fashion as that by protons (25) . Based on the finding that AMI inhibition was voltage-dependent, but stimulation was not, it was suggested that AMI stimulates ASIC2a channels by binding to an extracellular site, whereas it inhibits the channels by interacting at a site within the channel pore. However, the submolecular motifs involved in these regulations have not been studied. In addition, the sustained window current of ASIC3 channels was enhanced by AMI (6) , further arguing for a stimulatory effect of AMI on specific ASIC subtypes.
Recently, synthetic compounds such as 2-guanidine-4-methylquinazoline (GMQ) and an endogenous ligand, agmatine, were shown to cause persistent activation of ASIC3 at the neutral pH (26, 27) . Using GMQ as a probe and combining mutagenesis and covalent modification analysis, we identified a novel nonproton ligand sensing domain (26) . This domain is lined by residues near Glu-423 and Glu-79 of the extracellular palm domain (28) . Both GMQ and agmatine are small molecules containing basic groups that are believed to form tight contacts with the carboxyl groups of acidic residues through hydrogen bonds (H-bonds) and/or electrostatic interactions, leading to activation of the ASIC3 channel (26) . Because AMI has an amidino group (Fig. 1A) analogous to the guanidinium group of GMQ, and both contain a heterocyclic ring (29) , we reasoned that AMI may activate ASIC channels in a manner similar to GMQ. Here, we show that the stimulatory action of AMI is similar to that of GMQ. Furthermore, using site-directed mutagenesis, electrophysiological recording, and covalent modification, we demonstrate that the nonproton ligand sensing domain is required for stimulation of ASIC function by AMI.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-All constructs were expressed in CHO cells as described previously (26) . In brief, CHO cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. The cells were maintained in F-12 medium (Invitrogen) supplemented with 1 mM L-glutamine, 10% fetal bovine serum, 50 units/ml penicillin, and 50 g/ml streptomycin. Transient transfection of CHO cells was carried out using Lipofectamine TM 2000 (Invitrogen). Electrophysiological measurements were performed 24 -48 h after transfection.
Solutions and Drugs-The ionic composition of the incubation solution was as follows (in mM): 124 NaCl, 24 NaHCO 3 , 5 KCl, 1.2 KH 2 PO 4 , 2.4 CaCl 2 , 1.3 MgSO 4 , and 10 glucose, aerated with 95% O 2 /5% CO 2 to a final pH of 7.4. The standard external solution contained (in mM) the following: 150 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , and 10 glucose, buffered to various pH values with either 10 mM HEPES for pH 6.0 -7.4 or 10 mM MES for pH Ͻ 6.0. The pipette solution for whole-cell patch recording was as follows (in mM): 120 KCl, 30 NaCl, 1 MgCl 2 , 0.5 CaCl 2 , 5 EGTA, 2 Mg-ATP, and 10 HEPES, adjusted to pH 7.2 with Tris base. The osmolarities of all solutions were maintained at 300 -325 mOsm (Advanced Instrument, Norwood, MA).
Solutions with different composition were applied using a rapid application technique termed the "Y-tube" method throughout the experiments (26) . This system allows a complete exchange of external solution surrounding a cell within 20 ms.
Site-directed Mutagenesis-The cDNA of rat ASIC3 was subcloned into the pEGFPC3 vector (Promega Corp., Madison, WI). Each mutant was generated with the QuikChange mutagenesis kit (Stratagene, La Jolla, CA) in accordance with the manufacturer's protocol using high performance liquid chromatography-purified or PAGE-purified oligonucleotide primers (Sigma Genosys). Individual mutations were verified by DNA sequence analysis, and the predicted amino acid sequences were determined by computer analysis.
Electrophysiology-The electrophysiological recordings were performed using the conventional whole-cell patch recording configuration under voltage clamp conditions. Patch pipettes were pulled from glass capillaries with an outer diameter of 1.5 mm on a two-stage puller (PP-830, Narishige Co., Ltd., Tokyo, Japan). The resistance between the recording electrode filled with pipette solution and the reference electrode was 3-5 megohms. Membrane currents were measured using a patch clamp amplifier (Axon 200B, Axon Instruments, Foster City, CA) and were sampled and analyzed using a Digidata 1440A interface and a computer running the Clampex and Clampfit software (version 10.0.1, Axon Instruments). In most experiments, series resistance was compensated at 70 -90%. Unless otherwise noted, the membrane potential was held at Ϫ60 mV throughout the experiment under voltage clamp conditions. All experiments were carried out at room temperature (23 Ϯ 2°C).
Pain-related Behavioral Assays-Animals were acclimatized for 30 min before experiments. A total volume of 10 l of either saline (0.9% NaCl) or AMI-containing solution (in 0.9% NaCl) was injected intraplantarly using a 30-gauge needle, and pawlicking behavior was quantified for 30 min (26) .
Data Analysis-Results were expressed as means Ϯ S.E. Except where noted otherwise, statistical comparisons were made with the Student's t test. *, p Ͻ 0.05 or **, p Ͻ 0.001 was considered significantly different. Concentration-response relationships for AMI-dependent activation of ASIC3 channels were obtained by measuring currents in response to AMI with graded concentrations. Each AMI concentration was tested on at least three CHO cells, and all results used to generate a concentration-response relationship were from the same group. The data were fit to the Hill Equation 1,
where I is the normalized current (to that induced by pH 5.0) at a given concentration of AMI; I max is the maximal normalized current; EC 50 is the concentration of AMI yielding 50% of the maximal current, and n is the Hill coefficient. The concentration-response relationships for AMI-dependent inhibition of ASIC3 channels were obtained by measuring currents in response to agonists in the presence of AMI with graded concentrations and the data were fit to the Hill Equation 2,
where I is the normalized current (to the current induced by agonists in the absence of AMI) in the presence of a given concentration of AMI; I max is the maximal normalized current, IC 50 is the concentration of AMI yielding 50% of the maximal current, and n is the Hill coefficient.
RESULTS
AMI Induces Sustained Activation of ASIC3 Channels at Neutral pH-Traditionally, AMI acts as a wide spectrum channel blocker for most ASICs (1) (2) (3) . In CHO cells expressing the ASIC3 subunit, AMI inhibits channel activation induced by acid (Fig. 1B) or nonproton activators (supplemental Fig. 1 ) (26) . However, AMI directly evoked inward currents in a dosedependent manner. The AMI currents displayed little or no desensitization (Fig. 1A) , reminiscent of the sustained activation by GMQ (26) . The washout of higher concentrations of AMI often results in a rebound current (data not shown, see also Fig. 6, C and D) , consistent with the notion that AMI both activates (Fig. 1A) and inhibits (Fig. 1B) ASIC3 channels. We noted that AMI was less effective in activating ASIC3 than GMQ (37.5 Ϯ 3.1% of the GMQ response at 1 mM concentration; n ϭ 4, p Ͻ 0.001, AMI versus GMQ). We ascribed the differences in their half-maximal activation concentration (EC 50 ) (0.56 Ϯ 0.02 mM for AMI versus 1.08 Ϯ 0.09 mM for GMQ; n ϭ 7-8, p Ͻ 0.001) as well as the extent of activation (16.2 Ϯ 4.7% for AMI versus 84.4 Ϯ 7.4% for GMQ of the pH 5.0-induced peak current; n ϭ 7-8, p Ͻ 0.001) partially to the paradoxical effects of AMI (i.e. both stimulatory and inhibitory). Further studies on CHO cells expressing homomeric ASIC3 or various heteromeric ASIC subunit combinations revealed that AMI is a specific agonist for ASIC3 homomers and heteromers (ASIC3 ϩ ASIC1b in particular) (Fig. 1C) . This subunit specificity is consistent with the finding that ASIC3 channels are the only ASIC subtype activated by GMQ and agmatine (26, 27) . AMI-induced activation was also observed in , respectively. C, subunit selectivity of AMI action at the neutral pH. Shown is the summary of AMI (1 mM)-induced currents in CHO cells transfected with one or two different ASIC subunits. AMI activated ASIC3 homomeric channels and heteromeric ASIC3 ϩ ASIC1b channels but not ASIC1a, ASIC1b, or ASIC2a homomeric channels, or heteromeric ASIC3 ϩ 1a, ASIC3 ϩ 2a, or ASIC3 ϩ 2b channels at the neutral pH. Data are means Ϯ S.E. n ϭ 3-5. n.d., no detectable response to AMI. **, p Ͻ 0.001 versus base-line level.
HEK293 and COS-7 cells transfected with ASIC3 (data not shown), indicating that the stimulatory effect of AMI is independent of the host cell type. Collectively, these results suggest that AMI specifically activates ASIC3 channels at neutral pH in a manner similar to GMQ and agmatine.
AMI Facilitates Sustained Activation of ASIC3 Channels
Induced by Modest pH Decreases-Similar to the modulatory profile of GMQ and agmatine (26, 27) , submillimolar concentrations of AMI significantly sensitized ASIC3 channels to pH 7.2-6.8 ( Fig. 2, A-C) . However, at pH 6.5 ( Fig. 2D ) or below FIGURE 2. AMI sensitizes ASIC3 channels under mild acidosis. AMI at low micromolar concentrations (1-300 M) sensitizes the response to mild acidosis (A, pH 7.2; B, pH 7.0; and C, pH 6.8) but not to a more extreme acidosis (D, pH 6.5). Upper panels show representative current traces at Ϫ60 mV, and lower panels are means Ϯ S.E. of four to seven measurements normalized to the currents induced by acidosis alone (control; dashed line). *, p Ͻ 0.05; **, p Ͻ 0.001 versus controls.
Amiloride Activates ASIC3 through Nonproton Sensor
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VOLUME 286 • NUMBER 49 • DECEMBER 9, 2011 (Fig. 1B) , it inhibited the peak response induced by acid. Although lower concentrations (ϳM) of AMI facilitate the activation of ASIC3 channels upon modest pH decreases (Fig. 2 , A-C), high AMI concentrations above 1 mM antagonize the currents induced by pH 7.2 to 6.8 (data not shown). Thus, AMI action on ASIC channels depends on pH as well as its own concentration, consistent with previous observations (6) .
Stimulatory Action of AMI Is Determined by Nonproton Ligand Sensing Domain-Previously, we have shown that the nonproton ligand sensing domain (26, 27 ) plays a critical role in mediating agmatine and GMQ effects on ASIC3. Considering the similarities in the chemical structures among AMI (Fig. 1A) , GMQ, and agmatine (29) and their shared actions on ASIC3 channels, we hypothesized that AMI also activates ASIC3 channels through interacting with the nonproton ligand sensing domain. To test this hypothesis, we expressed the E79A and E423A mutants of ASIC3 in CHO cells. We have shown previously that Glu-79 and Glu-423 are the most critical residues in coordinating GMQ binding to the nonproton ligand sensing domain, and when mutated to Ala, the mutated ASIC3 channels became insensitive to GMQ (26) . Similarly, AMI at millimolar concentrations failed to activate either ASIC3 E79A or ASIC3 E423A channels (Fig. 3A and supplemental Table 1 ). To distinguish the effects of mutations of the nonproton ligand sensing domain on AMI binding affinity from that on the efficacy of AMI as a channel activator, we recorded the responses at two AMI concentrations (1 and 3 mM), both of which induced a near maximum response in WT ASIC3 channels (Fig.  3A) . We reasoned that an increase or decrease of the current ratio (I AMI-1 mM /I AMI-3 mM ) might indicate a leftward or rightward shift of the AMI dose-response curve, hence a change in potency, but not necessarily a change in the coupling pathway or subsequent channel gating (efficacy). We used current ratio for these two concentrations because the full dose-response curve of AMI action on ASIC3 mutants was not feasible due to its low potency and the potential inhibition at higher concentrations. We found that mutations at Glu-79 or Glu-423 markedly impaired the stimulatory action of AMI with significant decreases in both current amplitudes ( Fig. 3B and supplemental Table 1 ) and current ratios (Fig. 3C) . Together, these results favor an essential role of the nonproton ligand sensing domain in mediating the stimulatory actions of AMI on ASIC3 channels.
As reported previously (26, 30) , the mutants at Glu-79 or Glu-423 exhibited significant steady-state desensitization to protons. To exclude the possibility that the reduced potency of AMI on these mutants resulted from channel desensitization, we pretreated cells with an alkaline pH condition (pH 9.0) to restore the ASIC3 mutants from desensitization, and then we tested the AMI response at neutral pH. Although pretreatment with the alkaline pH (pH 9.0) largely restored pH 5.0-induced channel activation, the AMI-induced current was still reduced in the Glu-79 or Glu-423 mutants (data not shown) as occurred without pretreatment by the alkaline pH, suggesting that the reduced response to AMI was not due to the pH-dependent desensitization associated with the mutations.
Inhibitory Action of AMI Is Not Determined by the Nonproton Ligand
Sensing Domain-To test whether the reduced activation by AMI of the Glu-79 and Glu-423 mutants was a result of an increased inhibition associated with these mutations, we investigated the inhibition by AMI of the acidinduced currents in these mutants. As shown in Fig. 4 , AMI inhibited the acid-induced currents in WT as well as E79A or E423A mutant channels to a similar extent. Thus, an increase in AMI-mediated inhibition does not account for the reduced activation by AMI in the Glu-79 and Glu-423 mutants.
FIGURE 3. Activation of ASIC3 channels by AMI is determined by residues (Glu-79 and Glu-423) of the nonproton ligand sensing domain. A, representative current traces illustrating the effects of E79A and E423A mutations on 1 and 3 mM AMI-induced currents. B, pooled data from experiments as in A and similar results from other mutations of Glu-79 or Glu-423. Data points are means Ϯ S.E. of four to seven measurements normalized to the pH 5.0-induced peak currents. Note: for most mutations, the maximal pH 5.0-induced currents were generated following pH 9.0 pretreatment to restore the steadystate desensitization of acid-dependent currents at pH 7.4. *, p Ͻ 0.05 versus wild-type (WT). The dashed line represents the current amplitude induced by AMI (3 mM) from WT ASIC3 channels. C, ratio of current amplitude induced by 1 mM AMI to that by 3 mM AMI. The data were generated from B and are means Ϯ S.E. *, p Ͻ 0.05 versus WT (dashed line).
Differential Pharmacophore Requirement of AMI for Stimulation or Inhibition of ASIC3 Channels-To explain structural bases of AMI underlying the stimulation or inhibition of ASIC3 channels, we electrophysiologically screened commercially available small molecules similar to AMI (Fig. 5A) . When the guanidinium group of AMI was removed by replacing a methoxyl group, the resulting compound-induced channel activation (Fig. 5B, red) as well as the inhibition efficacy against the acid-induced channel activation (Fig. 5, C and D, red) was totally abolished. The important role of the guanidinium group of AMI in the activating ASIC3 channel was consistent with the previous structure-activity relationship studies on the GMQinduced channel activation (26) . Furthermore, the validation of the essential role of the guanidinium group in AMI-induced channel activation as well as channel blockade made the first step to study the AMI-ASIC3 interaction at the atomic level (28) . By contrast, when the 5-amino group (at the ortho position of the 6-chloro group) was replaced with a N,N-dimethyl,  N-methyl-N-isobutyl, or N-ethyl-N-isopropyl group (Fig. 5A) , the resulting compounds as exemplified by 5-(N-methyl-Nisobutyl)amiloride still exerted a blocking effect (Fig. 5, C and D,  blue) but lost the activation efficacy (Fig. 5B, blue) , implying the interaction of the 5-amino group of AMI with residues of nonproton ligand sensing domain in the extracellular region but not with that of the pore domain in the transmembrane region.
The differential requirement of the 5-amino group in AMI for its paradoxical effects raises a possibility to distinguish the stimulatory or inhibitory effects in the application and development of chemical modulators of ASIC3 channels in the future (see below).
Covalent Modification at Glu-79 Prevents ASIC3 Channel Activation by AMI-To ascertain that AMI activates ASIC3 via interactions with Glu-79 and Glu-423, we substituted these two residues with cysteine with the intention of blocking the interactions by covalent modification. To avoid the activation of ASIC3 channels through single covalent modification at E79C by 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB) (26), we used 4,4Ј-dithiodipyridine (DTDP) (Fig. 6, A and B) , a DTNB analog, as the redox donor. Consistent with the previous observation (26) , bath application of DTDP (0.5 mM at pH 7.4) to CHO cells expressing ASIC3
E79C resulted in a small inward current that gradually declined to a steady state (Fig. 6, C and D) . Like DTNB, DTDP did not induce inward currents in CHO cells expressing the WT ASIC3, and it had no effect on either acid-or AMI-induced currents (data not shown), suggesting that specific covalent modification at the E79C site is responsible for its activation effect on ASIC3 E79C . Taking advantage of the steadystate activation by the persistent TDP-E79C interaction, we reasoned that directly linking TDP to Cys-79 via a covalent bond should prevent further ASIC3 channel activation by AMI at the neutral pH, given that the activation of ASIC3 by nonproton ligands (GMQ and agmatine) relies on polar, steric, and electrostatic interactions with the nonproton ligand sensing domain in the channel (26) . To test this hypothesis, we applied AMI at neutral pH before or after DTDP treatment (Fig. 6, C  and D) . As expected, we found that AMI-dependent ASIC3 channel activation (demonstrated by the sustained current (Fig.  6, C-F) as well as the rebound current after washout of AMI (Fig. 6, C and D, and supplemental Fig. 2, A and B) , which might represent a brief period of unopposed stimulation by AMI and a complex interaction between AMI-induced channel activation and inhibition) was largely prevented by the DTDP pretreatment. Furthermore, this attenuation was reversed (Fig. 6 , C and E, and supplemental Fig. 2A) or blocked (Fig. 6, D and F, and supplemental Fig. 2B ) by the reducing reagent, 1,4-dithiothreitol (DTT). Thus, we concluded that the integrity of the nonproton ligand sensing domain is required for AMI-induced ASIC3 channel activation.
AMI Prevents Covalent Modification-induced Activation of ASIC3 E79C
-Having demonstrated that covalent modification at Glu-79 prevents ASIC3 channel activation by AMI, we further examined how AMI could affect activation of ASIC3 E79C by the thiol-reactive covalent probe, DTNB (26) . As shown previously (26), bath application of DTNB (0.5 mM, pH 7.4) slowly activated the ASIC3 E79C channel, presumably reflecting the time-dependent modification of the E79C site by the thiol-reactive probe (Fig. 7A) . We used this experimental model to monitor the efficiency of the DTNB-E79C reaction in the presence or absence of AMI. We reasoned that if AMI binds to the nonproton ligand sensing domain that includes Glu-79, it should perturb the interaction and hence covalent bond formation between 5-thio-2-nitrobenzoic acid and Cys-79 (Fig. 7B,  lower panel) because of steric effects. As expected, AMI mark- edly slowed down the development of DTNB-induced ASIC3 E79C channel current, irrespective of the sequence of AMI and DTNB applications (Fig. 7, A and B) . To quantify the effect of AMI, we measured the rate (pA/ms) of DTNB-induced activation of ASIC3 E79C , defined as the ratio of maximal current (pA) and the duration (ms) of DTNB application. Because of the intrinsic inhibitory effect of AMI, we defined the maximal current as that seen after the AMI washout. Fig. 7C shows that the rate of DTNB-induced activation of ASIC3 E79C is significantly higher in the absence than in the presence of AMI, demonstrating an inhibitory effect of AMI on the DTNB-dependent modification of the E79C site, which strengthens the support of the view that AMI directly interacts with the nonproton ligand sensing domain of ASIC3.
To exclude any nonspecific effect of AMI, we performed similar experiments on the modification of another site distinct from the nonproton ligand sensing domain. Testing the extracellular accessibility of the G430C mutant of ASIC2a by methanethiosulfonate compounds, Adams et al. (24) have shown a stimulatory effect of AMI on the Deg mutant (at Gly-430) ASIC2a channel. We assumed that AMI might have a similar action on ASIC3 channels because the Deg mutation site is conserved (Fig. 7D) . To test this possibility, we created a Deg mutant (G438C) ASIC3 channel. As shown in Fig. 7E and supplemental Fig. 3B , bath application of 2-aminoethyl methanethiosulfonate (MTSEA, 0.2 mM, pH 7.4) in the absence of AMI slightly activated the ASIC3 G438C channel, similar to the effect seen with the ASIC2a G430C channel (24, 25) . By contrast, MTSEA (0.2 mM) was ineffective in CHO cells expressing WT ASIC3 channels (supplemental Fig. 3A) , strengthening the residue specificity of MTSEA modification. Coapplication of AMI with MTSEA elicited a larger current from the ASIC3 G438C channel, which was further enhanced dramatically upon removal of AMI (Fig. 7E) . This large increase in current observed upon AMI washout was due to the removal of AMIinduced inhibition as it was completely reversed by the reapplication of AMI (Fig. 7E ). These data demonstrate that AMI facilitates the persistent activation of ASIC3 G438C through covalent modification by MTSEA. The facilitatory effect of AMI on covalent modification of ASIC3 G438C is consistent with the view that AMI exposes Gly-438 to extracellular solution, allowing more efficient interaction with thiol-reactive probes (Fig. 7F) (24) . However, the site(s) of AMI interaction should not overlap with the modified Cys residue. This result is opposite from the inhibitory action of AMI on modification of ASIC3 E79C , demonstrating specificity of the nonproton ligand sensing domain in AMI interaction with the ASIC3 channel. Furthermore, when an additional mutation (E423A) of the nonproton ligand sensing domain was introduced into the ASIC3 G438C background, the effect of AMI on MTSEA-induced activation was largely attenuated (Fig. 7G) , strongly arguing for the importance of the nonproton ligand sensing domain in mediating stimulation of ASIC3 channels by AMI.
AMI Activates ASIC3 Channels in Vivo-Finally, to gain insights into the in vivo consequence of paradoxical stimulation of ASIC3 channels by AMI, we performed pain-related behavioral tests (26, 27) following the injection of AMI with different concentrations into the right hind paw of asic3 ϩ/ϩ and asic3 Ϫ/Ϫ mice, because previous studies have shown that ASIC3 channels mediate pain responses (15, 16, 31) . We measured the total time that the animals spent licking the injected paw during a 30-min period. As shown previously (26) , control asic3 ϩ/ϩ mice showed no noticeable increase in paw-licking time after AMI (100 M) injection compared with saline-injected controls. In consideration of the requirement of higher concentration of AMI to activate ASIC3 channels (Fig. 1A) , we re-evaluated the paradigms by injecting 300 M and 1 and 3 mM AMI, respectively (Fig. 8A) . As expected, asic3 ϩ/ϩ mice showed a significant increase in paw-licking time after AMI injection, in a dose-dependent manner (Fig. 8A) . Furthermore, the reaction of asic3 Ϫ/Ϫ mice to AMI was significantly reduced (Fig. 8A) . Additionally, asic1 gene knock-out only slightly reduced the paw-licking time (Fig. 8B) , indicating a specific interaction between AMI and ASIC3 channels in causing pain-like behaviors and strengthening the roles of heteromeric ASIC3 ϩ ASIC1b channels (Fig. 1C ) in responding to AMI in vivo. Thus, AMI is able to cause pain-related behaviors through activation of ASIC3 channels.
DISCUSSION
In this study, we demonstrate that AMI activates and sensitizes ASIC3 channels, although AMI has been widely used as an inhibitor for many ion channels and transporters, such as Na ϩ /H ϩ exchanger (32), low threshold calcium channel (33), glycine receptors (34) , and the epithelial sodium channel/degenerin family (23), including ASIC channels (see also Figs. 1B and 2D) (2) . Using mutagenesis and covalent modification analysis, we have revealed that the nonproton ligand sensing domain lined by residues around Glu-423 and Glu-79 (26) is required for the stimulatory action of AMI.
There is an increasing interest in the nonproton gating of the acid-sensitive ASIC channels (26, 27) because the rapid desensitization of proton-induced ASIC currents occurring over milliseconds to seconds (1-3) stands in stark contrast to the prolonged time course of the inflammatory pain and other pathological processes thought to involve ASICs (4 -7, 9, 15, 16, 18, 20, 21) . Following the discovery that synthetic compounds such as GMQ and endogenous agmatine activate ASIC3 channels at neutral pH through the nonproton ligand sensing domain (26, 27) in a nondesensitizing manner, we now add another example of a nonproton agent, AMI, activating ASIC3 channels in a similar manner and through a similar mechanism. This suggests a shared feature that may be applied to all nonproton activation of ASIC channels. The mechanisms underlying nondesensitizing gating of ASIC3 channels induced by nonproton activators, including AMI, are currently unknown but may involve interactions between two extracellular linker regions that control nondesensitizing activation of ASICs by protons (35) . However, the chemical activation of ASICs independent of acidic pH seems to be a characteristic of ASIC3 but not ASIC1, or ASIC2 channels, because GMQ, agmatine, and AMI activate ASIC3 but not other channel subtypes at the neutral pH. Elucidating the molecular basis underlying these differences represents a substantial task in the future. A recent study (26) using molecular dynamics simulation and mutagenesis proposed that the nonconserved residues among different ASIC subunits shaping the nonproton ligand sensing domain play a part in defining subunit specificity of nonproton activators (i.e. GMQ) presumably including AMI through stabilizing the spatial conformation of the ligand-binding site in ASIC3 channels. However, given that AMI stimulates the Deg mutation (at Gly-430) of ASIC2a (24) , it is likely that similar nonproton ligand sensing domains exist in other ASICs. Identification of more general and/or isoform-specific as well as more potent nonproton ligands of these ion channels should be possible with the better understanding of the nonproton ligands and their sensing domain(s).
Within the ASIC family, ASIC3 channels carry multiple unique features (22) distinct from other ASIC subtypes. For the acid-induced activation, ASIC3 is the only exception to the common features shared by most ASIC members that protons trigger a rapidly desensitizing transient current. Notably, ASIC3 mediates an extra sustained current that does not fully desensitize, whereas the extracellular pH remains acidic (36 -39) . Moreover, this sustained component of ASIC3 becomes markedly enhanced when the channel is activated in the presence of Phe-Met-Arg-Phe amide and related neuropeptides (40 -42) . In addition, ASIC3 channels open in a largely nonde- sensitizing manner (6) at more physiologically relevant pH values (pH 7.3-6.7). Furthermore, ASIC3 channels respond to nonproton ligands (i.e. AMI, GMQ, and agmatine) through the nonproton ligand sensing domain (26, 27) . These properties together with its expression in sensory neurons as well as peripheral non-neuronal tissues (36 -38) suggest that ASIC3 channels are well positioned to regulate multimodal sensory perception (22) , and they are indeed proposed to be an integrator for multiple physiological stimuli, including nociceptive and inflammatory signals (27) . The demonstration of the paradoxical action of AMI on ASIC3 channels raises the possibility that ASIC3-dependent sensory perception may be regulated by AMI derivatives or yet unknown AMI-like endogenous ligands.
Using a combination of mutagenesis, covalent modification, as well as functional analyses, we uncovered the requirement of the nonproton ligand sensing domain (26, 27) in mediating the stimulation effect of AMI on ASIC3 channels. Whereas our data identified key determinants essential for mediating AMI-ASIC3 interactions, there are at least three alternative explanations for the data observed here. First, AMI most likely binds specifically to a cavity around Glu-79 and Glu-423 to activate the ASIC3 channel. Second, a mutation-induced decrease in response to AMI could result from allosteric effects if Glu-79 and Glu-423 were in fact part of a linker region crucial for proton (30, 43, 44) , and hence nonproton activation. Third, it is also possible that the cavity around Glu-79 and Glu-423 represents just one of the many AMI-binding sites (45) .
We favor a direct and specific interaction between AMI and the cavity lined by Glu-79 and Glu-423 for the following reasons. First, a covalent linkage between TDP and Cys-79 largely reduced the channel activation by AMI (Fig. 6) . Oppositely, AMI application reduced the rate of covalent modification-induced channel gating (Fig. 7, A-C) . These results strongly suggest that the spatial and structural integrity of the cavity around Glu-79 and Glu-423 is crucial for ASIC3 channel activation by AMI. Second, mutations at the key residues of nonproton ligand sensing domain decreased the efficacy of AMI on ASIC3 channels (Fig. 3, A and B) and increased the apparent EC 50 value as reflected by the reduced current ratio (I AMI-1 mM / I AMI-3 mM ) (Fig. 3C ) without affecting AMI inhibition of acidinduced currents (Fig. 4) . Third, both Glu-79 and Glu-423 as the key residues of the nonproton ligand sensing domain lie in the middle of the ␤1 and ␤12 sheets, respectively (46). They are not located in the linker region between two ␤ sheets as are Leu-85 (␤1-␤2 linker) (43) and Asn-415 (␤11-␤12 linker) (44) , which are critical for allosteric gating by protons. Therefore, a similar allosteric effect is not sufficient to account for the mutation-induced decrease in the response to AMI. Finally, AMI shares a similar molecular configuration as GMQ. Linkage to the nonproton ligand sensing domain (E79C site) by GMQ dimer treatment directly induced ASIC3 E79C channel opening, whereas a similar treatment on WT or ASIC3 E423C channels did not induce channel gating (26) . This result argues that ligand binding at the cavity around Glu-79 and Glu-423 is sufficient for ASIC3 channel gating. Therefore, even if other AMI-binding sites may exist (45) in ASIC3 channels, the nonproton ligand sensing domain most likely represents the site responsible for stimulation of channel opening.
The paradoxical stimulation of AMI on ASIC3 channels raises an interesting concern about the physiological significance of these findings. Traditionally, AMI is widely used as a nonselective ASIC blocking tool to examine the role of ASICs under pathophysiological conditions when the channel is activated. In this study, we demonstrate that AMI activates ASIC3 channels (Fig. 1A) at relatively high concentrations (EC 50 ϭ ϳ560 M) resulting in a sustained current, which would depolarize sensory neurons to a greater degree than the transient current induced by acid such as pH 5.0 (Fig. 1A) . Moreover, AMI synergistically facilitates sustained activation of ASIC3 channels by mild acidosis (in a pH range between 7.2 and 6.8) at an initial effective concentration of ϳ1 M (Fig. 2, A-C) . Based on the paradoxical property of AMI, we propose that whether activation or inhibition dominates should depend on the extent of physiological activation. If ASICs are activated largely as seen with stimulation at pH 6.5 or below (Figs. 1B and 2D) , then the inhibitory effect would be stronger than activation under the commonly used concentrations (ϳ100 M). However, when ASICs are closed or activated only by mild acidosis, AMI will exert a greater stimulatory effect than inhibition. Given that sensory ASIC3 channels have multiple models of activation and are demonstrated to have roles in multimodal sensory perception (22) , we believe that the AMI-ASIC3 interaction would produce complex effects under different conditions. At least for modest pH changes that occur during myocardial ischemia (6), AMI-ASIC3 interaction would predict a stimulatory effect, an open question that relies on the development of specific chemical tools (Fig. 5) .
In summary, we propose here that the stimulatory effect of the ASIC channel blocker AMI through the nonproton ligand sensing domain raises a concern for its use in pharmacological studies on ASIC3 function (16) and in developing AMI-derived ASIC inhibitors for the treatment of chronic pain (47) . Given that AMI directly activates the ASIC3 channels, it is conceivable that AMI may also be used to generate activators of ASIC3 channels devoid of inhibitory actions in addition to inhibitors devoid of stimulatory actions (e.g. 5-(N-methyl-N-isobutyl)-amiloride, see Fig. 5 ) in the future.
